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1.  INTRODUCTION 


'The  radiative  lifetimes  of  Infrared  active  ions  are  of  particular 
importance  in  determining  the  background  radiation  in  a  disturbed  atmosphere. 

The  geomagnetic  field  striates  ionic  species  causing  these  radiators  to  form 
a  non-uniform  background.  Thus,  even  at  lower  concentrations  than  molecular 
species,  ions  play  a  more  Important  role  in  the  analysis  of  disturbed  atmo¬ 
spheric  signatures.  This  research  was  undertaken  to  measure  the  radiative 
lifetime  and  quenching  of  vibratlonally  hot  ions  NO  and  UO  .  Tliese  mole¬ 
cular  ions  are  of  particular  Importance  because  of  their  low  ionization 
energies.  Nitric  oxide  has  the  lowest  ionization  energy  for  those 
ions  that  can  be  formed  from  the  natural  atmospheric  species,  N-,  0.,,  and  0. 

The  disappearance  of  NO  in  the  upper  atmosphere  is  dependent  only  on  its 
dissociative  recombination  rate.  The  uranium  oxide  ion  is  endothermic  to 
dissociative  recombination,  thus  it  is  one  of  the  most  Important  metallic 
oxide  ions  In  the  upper  atmosphere.  Since  its  disappearance  depends  on  three  , 
body  recombination,  this  ion  would  be  an  Important  contributor  to  the 
Infrared  signature  in  a  disturbed  atmosphere. 

The  measurement  of  the  radiative  lifetime  and  transfer  rate  of  vibra¬ 
tional  energy  from  NO"*^  to  N2  has  been  measured  and  is  presennted  in  the 
Appendix. The  apparatus  has  since  been  modified  to  study  the  radiative  life- 
time  of  UO  .  Work  directed  toward  the  measurement  of  UO  radiation  is  presented 


in  the  f 


oiiowlng 


sections. 


2.  URANIUM  OXIDE  ION  STUDIES 


I 

!  + 

The  prime  importance  of  UO  in  the  upper  atmosphere  is  that  while 

i  relatively  only  small  amounts  of  uranium  are  released  into  the  atmosphere 

during  a  nuclear  event,  because  of  its  ionic  nature,  it  striates  in  the  earth's 
geomagnetic  field.  Emission  from  this  ion,  primarily  in  the  12-lA  ^m  atmospheric 
window,  ’  is  of  major  importance  in  understanding  infrared  backgrounds  which 
would  affect  optical  sensor  systems  designed  to  operate  in  this  environment. 

Uranium  oxide  ions  formed  in  the  upper  atmosphere  are  stable  to 
two  body  collisions.  Because  of  their  low  ionization  energies  and  the 
larger  bonding  energies  for  UO  and  UO2,  the  formation  of  the  oxide  ions  is 
exothermic.  Dissociative  recombination  of  these  ions  is  in  turn  endothermic, 
and  they  require  three  body  reactions  to  neutralize  their  charge.  The 
lifetimes  of  these  ions  are  thus  expected  to  be  very  long  compared  to  other 
ions  created  by  a  nuclear  event.  Because  of  this  possibly  very  important 
source  of  infrared  emission,  the  Infrared  spectra  and  radiative  lifetime  of 
this  species  must  be  known  in  order  to  predict  the  overall  emission  signature 
in  the  longwave  Infrared. 

The  spectra  from  vlhrationally  excited  UO  and  UO^  have  been  observed 

i»i  matrix  Isolation  studies  carried  out  at  NBS.^‘’^^  The  emission  from  UO"^. 

(2  31 

however,  has  not  been  observed.  ’  Because  of  the  manner  in  which  the  vibra¬ 
tional  spectra  from  UO  and  UO^  were  observed,  the  precise  rotational  spacing 
and  anharmonlcity  constants  have  not  been  measured.  With  this  scant  amount 


1.  S.  D.  Gabelnick,  G.T.  Reedy,  and  M.G.  Chasanov,  "Infrared  Spectra  of 
Matrix  Isolated  Uranium  Oxide  Species  In  the  Stretching  Region," 

J.  Chem.  Phys. ,  58,  4468-75  (1973). 

2.  S.  D.  Gabelnick,  G.T.  Reedy,  and  M.G.  Chasanov.  "The  Infrared  Spec¬ 

trum  of  Matrix  loslated  Uranium  Oxide  Vapor  Species,"  Chem.  Phys.  Lett., 
j9,  90  (1973). 

3.  S.D.  Gabelnick  and  G.T.  Reedy,  "Fine  Definition  of  IR  Spectra  from  High 
Temperature  Interactions  of  U+O^,"  DNA  3410F  (1974)  Prepared  for  Defense 
Nuclear  Agency,  Washington,  D. C. 


are 


of  information  present,  both  the  spectra  and  radiative  lifetime  of  UO^ 
unknovm.  With  the  lack  of  knowledge  of  the  molecular  constants  for  130^, 
theoretical  Investigations  such  as  those  using  configuration  interaction 
techniques  are  good  to  within  an  order  of  magnitude  at  best.^^^ 

The  next  portion  of  the  report  describes  the  experimental  technique  and 
apparatus  designed  to  measure  the  spectral  location  and  radiative  band  strength 
of  UO'*". 


A.  H.H.  Michels  ,  "Theoretical  Determination  of  Metal  Oxide  f-Numbers," 

AFVfL  TR74-239  (197A)  Prepared  for  Defense  Nuclear  Agency,  Washington,  D.C. 
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3.  FORMATION  OF  UO  AND  UO"^ 


The  thermal  chemistry  and  infrared  radiation  of  the  uranium-oxygen  system 

(  5—8) 

has  been  studied  by  several  authors.  The  reactions  of  importance  are  listed 

in  Table  1.  Using  a  triple  crossed  beam  technique,  Fite,  et  al.  have  shown  that 
both  Reactions  1  and  2  are  gas  kinetic,  being  2.7  and  2.1  eV  exothermic,  res¬ 
pectively.  The  ionization  potential  for  UO"*"  is  on  the  order  of  5  eV,  making  it 
stable  to  dissociative  recombination,  thus,  requiring  three  body  recombination 
to  return  to  the  neutral  species  via  Reactions  5  and  6. 


Table  1.  Reactions 


REACTION 

RATE 

EXOTHERMICITV’ 

(eV) 

R1  U  +  0,  —  UO  +  0 

,  .  ,*-10  3  -1  (5) 

k  -  4  X  10  cri  sec 

2.7^"^^ 

R2  U  +  0  —  UO'*’  +  e 

,  ,  ,_-10  3  -1  (b) 

k  »  4  X  10  cm  sec 

2.1^^^ 

R3  U  +  O2  -*  UO2'*’  +  e 

,  ,  ,--12  3  -1(8) 

k  =  4  X  10  cm  sec 

4.1^^' 

R4  U'*’  +  0 ,  —  UO'*'  +  0 

,  *  -  ,*-10  3  -KB) 

k  =  8.5  X  10  cm  sec 

3.  3 

R5  UO^  +  e  ♦-M— »U0  +  M 

1  3  -1 

k  “  10  cm  sec 

4.8 

R6  UO  +  0,,  —  UO2  +  0 

R7  UO'*'  +  UO2''’  +  0 


-9  3  -1 

k  “  2  X  10  cm  cm 


i 


5. 


6. 


7. 


W.L.  Fite.H.H.  Lo,  and  P.  Irving,  "Associative  Ionization  in  U+0  and 
U+O2  Collisions,  J.  Chem.  Phvs.,  60,  1236  (1974). 

W.L.  Fite,  T.A.  Patterson,  and  M.W.  Siegel,  "Cross-Sections  for  Thermal 
Reactions  Between  Uranium  Atoms  and  Atmospheric  Species,"  AFGL  TR77-0029. 
(1977). 

W.L.  Fite,  and  Hsi  Hu  Lo,  "Reactions  of  UO**^  with  Atmospheric  Gases," 

AFGL  TR  77-0029  (1977). 

R.  Johnsen  and  Manfred  A.  Blondl,  "Reaction  Rates  of  Uranium  Ions  and 
Atoms  with  O2  and  N2."  J.  Chem.  Phys..  57,  1975  (1972). 


-a 


8. 


since  the  atomic  ground  states  for  the  formation  of  UO^  are  U(^l,)  and 

3 

0(  P) ,  there  are  81  electronic  states  of  UO  which  can  dissociate  to  U  and  0. 
At  least  half  of  these  would  cross  the  ground  state  curve  of  UO^  at  an 


energy  less  than  the  dissociation  energy.  In  which  the  curve  crossing  might 
lead  to  an  UO^  which  Is  vlbrat ional ly  excited.  The  ground  state  atomic  ion 

combined  with  0(^P)  forms  63  electronic  states  of  UO"*",  A  good  portion 


of  these  states  lie  sufficiently  low  in  energy  to  be  formed  by  associative 
ionization  of  U  +  0. These  electronic  states  all  have  individual  vibra¬ 
tional  spectra.  It  is  thus  expected  that  the  UO"*"  vibrational  spectra  may  have 
a  very  large  line  density;  and  individual  vibration  rotation  spectra  may  not 
be  separable.  In  this  case,  however,  the  gf  values  for  the  emission  spi‘Ctruni 
becomes  very  important  for  the  prediction  of  spectra  in  the  atmosphere. 


9 


4.  UO'*'  ABSORPTION  COEFFICIENT 

The  emission  spectra  of  UO^  is  related  to  its  absorption  spectra  by 
the  ratio  of  the  degeneracies  of  the  upper  to  lower  levels.  It  is  easier  to 
measure  the  absorption  of  light  by  these  molecules  than  to  measure  their 
emission,  however,  because  blackbody  radiation  from  the  apparatus  is  near  a 
maximum  at  the  wavelengths  of  interest. 

The  absorption  coefficient  for  UO"*"  vibration  is  a  function  of  the 
extinction  along  the  line-of-sight ,  given  by  Beer's  law: 

I  (X)  -  I^  (X)  exp  [  (n^  -  nj  )  af]  ,  (1) 

where  I^(X)  is  the  Intensity  of  incident  light  at  the  wavelength  X,  n^  and 
n^  are  the  number  densities  of  UO"*^  in  the  upper  and  lower  levels,  respectively, 
a  the  absorption  cross-section,  and  f  the  absorption  path.  The  absorption 
path  (  is  given  by  the  number  of  passes  through  the  gas'  of  interest  times  the 
pathlength  through  this  gas.  The  Intensity  ratio  (I^-I)/I^  is  measured  by 
tuning  the  laser  through  wavelength  X.  The  transmission  through  the  test 
section  with  no  absorption  would  give  I^(X)*  When  the  absorbing  gas  is 
put  into  the  test  section,  the  signal  would  drop  to  I(X).  However,  I^(X) 
is  a  function  only  of  the  laser  tuning  and  is  relatively  constant  over  the 
width  of  an  absorbing  line.  Thus,  in  scanning  the  laser  across  the  absorbing 
Uo"*^  line,  part  of  the  signal  is  absorbed  out.  The  ratio  to  when  no  gas  is  in 
the  test  section  is  thus; 

I  -I 

—  s  f  “  (2) 

o 

The  number  density  n^  and  n^  are  given  by  the  product  of  their  elec¬ 
tronic,  vibration  and  rotation  partition  functions  times  the  total  number  den¬ 
sity  of  UO^.  The  rotational  partition  function  for  a  molecule  in  the  rota¬ 
tion  level  is  given  by: 


10 


(2J  +  1) 


exp 


[ -J  (J+1)  he  B^/kT  J 


(3) 


Hj/n 


he  B 

_ V 

kT 


where  he/k  is  the  seeond  radiation  eonstant,  T  the  temperature,  the  rota- 
ti6nal  eonstant,  and  J  the  rotational  level.  The  partitioning  into  vibrational 
level  if  vibrational  equilibration  oeeurs  before  the  metallle  ion  is  studied, 
is  given  by  the  Boltzmann  faetor: 


exp  -  f./kT 

0  - - i - 

'^1  Z  exp  (-  e^/kT) 

1 


(4) 


where  €  is  the  vibrational  energy  in  the  1^^  vibrational  level. 

Sinee  the  flow  time  does  not  ensure  vibrational  equilibrium,  several  lines 
belonging  to  separate  vibrational  levels  must  be  measured  and  their  relative 
intensities  must  be  measured  as  a  function  of  quenching  time,  hence,  the  residence 
tine  before  reaching  the  test  section.  This  measurement  gives  both  the  vibra¬ 
tional  relaxation  rate  of  the  infrared  active  species  and  the  relative  vibrational 
distribution  produced  by  the  U  +  O2  reaction. 

Assuming  that  the  Uo"*"  is  thermally  equilibrated,  the  final  temperature 
in  a  L’O^  argon  mix  would  be  600°K.  Thus,  approximately  0.86,  0.13,  0.017, 

0.002  of  all  the  UO"*^  ions  are  in  the  v  =  0,  1,  2,  and  3  levels,  respectively. 

The  assumption  of  rotational  equilibrium  is  a  better  one.  Since 
the  rotational  constant  for  UO"*”  is  expected  to  be  about  0.3  cm  the  maxi¬ 
mum  concentration  of  UO^  should  be  in  the  j  =  26  rotational  level.  Approxi¬ 
mately  2%  of  all  UO^  formed  would  be  in  this  rotational  level. 

The  electronic  partition  function  presents  more  of  a  problem.  Because 
of  the  large  multitude  of  electronic  states  that  would  have  energies  low  enough 
to  be  acceptable  in  the  UO"*"  formation,  the  partitioning  into  each  of  the  vari¬ 
ous  states  must  be  measured  using  high  resolution  spectroscopy.  In  a  worst  case, 
emission  spectroscopy  may  yield  a  large  emitting  quasicontinuum.  This  emission 
would  Impact  what  is  expected  in  the  upper  atmosphere  only  if  the  same  parti¬ 
tioning  of  electron  energy  is  present  there  as  in  the  laboratory. 
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The  spectral  absorption  cross-section  a  Is  determined  once  the  total  num¬ 
ber  density  n  is  Itnovn,  as  well  as  the  partition  into  the  electronic,  vibration 
and  rotation  states.  This  cross-section  should  vary  with  wavelength  when  a  light 
source  is  tuned  through  an  absorbing  line.  The  spectral  absorption  cross-section, 
(7  ,  for  a  molecule  is  a  function  of  its  Integrated  line  absorption  cross-section 
and  its  line  width.  At  low  pressures  and  high  temperatures,  the  line  width  is 
given  by  the  Doppler  profile,  the  Doppler  full  width  half  maximum  is: 


/  8  kT  In  2  \  ^ 

'  m  c^  ' 


lu 


(5) 


where  m  is  the  mass  of  the  molecule,  and  W,  is  the  wavenumber  of  the 

lu 

particular  transition.  At  line  center,  assuming  a  DOppler  line  shape,  the 
absorption  cross-section  is: 


<T(0) 


lu 


( 


2 


m  c 
2  7rkT 


) 


(6) 


where  is  the  integrated  absorption  coefficient  per  molecule  and  a  (0)  is 
the  spectral  absorption  cross-section  at  line  center.  The  line  center  is 
conveniently  found  by  using  derivative  spectroscopy.  By  fine  tuning  the  laser 
light  across  the  line  center,  the  absorption  goes  through  a  maximum,  hence, 
the  output  through  the  gas  goes  through  an  Intensity  minimum.  Thus,  by  putting 
an  a.c.  component  onto  the  tuning  of  the  laser,  and  looking  at  the  rate  of 
change  in  the  intensity  signal,  this  rate  crosses  zero  at  the  line  center. 

Again,  in  thermal  equilibrium,  this  S  is  related  to  the  Einstein  A 
coefficient  by: 


S 


lu 


c 

lu 


exp 


he  U) 
kT~ 


(7) 
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5.1  Flow  System 


The  flow  system  Is  designed  to  mix  uranium  metal  vapor  with  molecular 
oxygen  to  form  uranium  oxide.  The  excess  uranium  vapor  then  mixes  with  the 
atomic  oxygen  liberated  from  the  first  reaction  to  form  uranium  oxide  ion. 
Because  of  its  very  good  wetting  characteristics,  the  uranium  must  be  kept 
from  the  side  walls  before  mixing  with  the  oxygen.  This  is  done  by  using  an 
Argon  carrier  gas  to  carry  the  uranium  down  the  channel  into  the  oxygen  jets. 

A  schematic  of  the  flow  system  is  shown  in  Figure  2.  Argon  carrier 
gas  carries  the  uranium  vapor  fon-jard  until  it  mixes  with  a  jet  of  oxygen. 

The  uranium  vapor  reacts  gas  kinetlcally  with  molecular  oxygen  as  given  in 
Reaction  1.  The  atomic  oxygen  liberated  by  this  reaction  goes  to  form  UO'*’ 
via  Reaction  2.  By  changing  the  oxygen  flow  rate,  the  mixing  ratios  of 
UO  to  UO"^  can  be  varied.  Depending  on  the  O2  flow  rate,  UO^  and  can 

also  be  formed. 


Figure  2. 


Diagram  of  Flow  System  for  UO 


Formation. 
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The  uranium  oxide  and  oxide  ion  are  confined  to  the  test  section  of 
interest  by  a  containing  flow  of  Argon.  This  external  channel  forms  an  aero¬ 
dynamic  window  to  prevent  uranium  oxide  from  depositing  on  the  optics  used  in 
the  UO^  measurement.  The  flow  rate  of  the  shroud  flow  is  adjusted  such  that 
its  velocity  matches  that  of  the  inner  core  flow.  By  operating  at  10  torr  or 
less  pressure,  the  core  flow,  thus  confined,  provides  an  absorption  path  of 
10  cm  through  the  test  region. 

The  flow  velocity  is  measured  by  the  pressure  and  flowrate.  This  velo¬ 
city  is  governed  by  the  flow  of  carrier  gas,  Ar,  through  the  system.  The  pri¬ 
mary  importance  of  the  gas  velocity  is  in  determining  the  degree  of  the  reaction. 
This  is  only  of  a  secondary  Importance  in  the  measurement  when  the  measurement 
is  carried  out  sufficiently  far  downstream. 

The  carrier  gas.  Introduced  at  300 °K,  is  used  to  collisionally  cool  the 
UO"*^  formed.  Since  the  flow  time  is  on  the  order  of  10-100  ms,  the  uranium 
oxide  formed  would  be  collisionally  cooled,  both  in  rotation  and  in  vibration, 
to  a  mixture  temperature  near  that  of  the  carrier  gas. 

The  mixture  of  uranium  oxide  vapor  and  Argon  gas  is  trapped  on  the  far 
end  of  the  test  section  by  a  cold  trap.  Because  of  the  extremely  low  vapor 
pressure  of  the  refractory  oxide,  it  is  easily  condensed  when  coming  in  con¬ 
tact  with  walls.  By  passing  through  a  circulation  path  of  the  cold  trap,  the 
metal  oxide  vapor  is  removed  before  the  carrier  gas  reaches  the  pumps. 
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5.2  Uranium  Source 


The  source  of  uranium  vapor  Is  a  depleted  uranium  rod  which  Is  evaporated 
by  an  electron  beam.  The  electron  beam  Is  generated  by  a  30  kV,  300  ma  IMerce- 
type  electron  gun  originally  designed  for  electron  beam  welding  .-is  shown  In 
Figure  3.  This  gun  was  modified  so  that  It  could  be  differentially  pumped  to 
provide  sufficient  vacuum  for  electron  beam  operation  as  well  as  allowing  high 
pressure  operation  (4  torr)  of  the  uranium  oxide  flow  tube  source. 

The  Pierce-type  electron  gun  consists  of  a  cathode  heated  by  a  large  cur¬ 
rent  supply  which  in  turn  floats  on  a  high  voltage.  The  cathode  filament, 
made  of  tantalum,  is  thus  operated  to  as  high  as  300  ma  and  30  kV.  The  cathode 
to  grid  voltage  is  provided  by  a  set  of  dry  batteries,  wired  In  510  volt  incre¬ 
ments.  This  grid  supply  provides  the  voltage  to  current  characteristics  for  the 
electron  gun.  The  actual  operating  power  of  the  electron  beam  Is  then  varied 
by  changing  the  cathode  voltage  to  the  anode  ground. 


Figure  3.  Electron  Gun  Evaporation  Scheme. 
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The  evaporation  of  the  uranium  is  in  the  form  of  a  virtual  line  source 
as  the  deflection  magnets  are  operated  in  an  a.c.  fashion.  The  sweep  speed 
is  adjusted  such  that  sufficient  evaporation  is  achieved  without  undue  losses 
in  thermal  heating  of  the  uranium  rod.  Because  of  some  stray  Inductance,  the 
sweep  of  the  electron  beam  across  the  uranium  rod  is  not  quite  linear.  This 
is  not  a  real  problem  except  it  must  be  accounted  for  in  the  design  of  the 
differential  pumping  ports.  The  flow  system,  described  above,  carries  the 
uranium  vapor  downstream  from  the  rod,  forming  almost  a  continuous  flow  source 

5.3  Optical  Train 

The  optical  train  to  measure  UO"*^  absorption  consists  of  a  tunable  diode 
laser,  laser  beam  shaping  optics,  a  multi-path  absorption  cell  (White  cell), 
a  monochromator  and  an  HgCdTe  detector  (see  Figure  1).  In  addition  to  this 
optical  train,  is  a  second  optical  train  at  right  angles,  consisting  of  a  visi 
ble  dye  laser,  beam  shaping  optics,  a  photomultiplier,  and  gating  electronics. 

The  tunable  diode  laser  is  tunable  continuously  between  800  and 
862  cm  This  range  would  allow  measurement  of  a  major  portion  of  the 
P  branch  and  a  small  portion  of  the  R  branch  of  the  predicted  UO"*^  vibrational 
spectrum.  This  diode,  however,  lases  simultaneously  in  several  laser  lines, 
separated  by  approximately  1  cm  * .  A  one  meter  monochromator  is  thus  used 
to  select  one  laser  line  at  a  time. 

Beam  shaping  optics  consist  of  mirrors  which  take  the  laser  beam, 
diverging  at  60*^  x  15°,  to  focus  on  the  entrance  of  the  White  cell.  The 
converging  beam  entering  the  Wlilte  cell  is  matched  with  the  f:18  of  the  White 
cell  optics.  A  portion  of  the  laser  beam  is  split  off  to  obtain  an  instan¬ 
taneous  intensity  measurement  of  the  entering  beam. 

The  White  cell  consists  of  a  chamber  running  perpendicular  to  the  flow 
tube  with  White  cell  optics  having  401  mm  radius  of  curavature.  Two  spheri¬ 
cal  mirrors  50  mm  in  diameter  are  used.  The  field  mirror  is  split  in  the 
middle,  forming  two  halves,  25  mm  by  50  mm.  Two  slots  are  cut  into  the  front 
mirror  to  allow  entrance  and  exit  of  the  laser  beam.  The  White  cell  mirrors 
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are  gold  coated  to  maximize  reflectivity  In  the  11  ^m  region.  Mirror  losses 
become  Important  when  many  traversals  are  made  through  the  test  region.  When 
the  fractional  light  loss  due  to  one  reflection  becomes  larger  than  the  extinc¬ 
tion  of  light  from  an  extra  pass  through  the  test  region,  more  passes  in  the 
White  cell  would  not  Increase  the  signal-to-noise  ratio.  For  very  small  absorp¬ 
tion  coefficients,  this  White  cell  Is  practically  limited  to  68  passes,  equal 
to  a  1/e  drop  In  the  laser  intensity  due  to  mirror  losses  alone. 

The  laser  beam,  after  traversing  the  White  cell  68  times,  exits  and  is 
again  brought  to  focus,  this  time  to  match  the  f : 10  optics  of  a  Im  McPherson 
Czemy-Tumer  monochromator.  The  output  of  the  monochromator  is  brought  onto 
the  surface  of  an  3  mm  square  HgCdTe  detector,  whose  signal  is  fed  into  either 
an  oscilloscope  or  a  iock-ln  amplifier.  The  wavelength  tuning  of  the  tunable 
diode  laser  across  the  width  of  the  monochromator  spectral  width  is  also  fed 
into  the  lock-in  amplifier.  This  phase  locked  system  measures  the  absorption 
of  light  at  any  particular  phase  as  the  laser  is  tuned  across  the  absorbing 
line . 

By  taking  the  change  slope  of  the  absorption  line,  both  the  line  inten¬ 
sity  and  location  can  be  deduced,  provided  the  shape  of  the  line  is  known. 

This  second  derivative  measurement  of  the  absorption  is  several  orders  of  magni¬ 
tude  more  sensitive  than  measurement  of  extinction  alone  because  it  is  unneces¬ 
sary  to  establish  a  firm  baseline  using  this  technique. 

Perpendicular  to  the  White  cell  optics  in  the  absorption  cell,  is  placed 
the  focus  of  a  tunable  dye  laser,  tuned  to  the  uranium  resonance  line  at  358.5  nm. 
Since  the  gf  value  has  been  measured  for  this  line,  resonance  fluorescence  at 
this  wavelength  gives  a  measure  of  the  uranium  concentration  formed  by  the 
electron  gun  evaporation  technique.  Perpendicular  to  both  the  dye  laser  and 
the  White  cell  is  placed  a  1P28  photomultiplier  to  detect  this  fluorescent  sig¬ 
nal.  The  uranium  concentration  can  thus  be  monitored  with  and  without  oxygen 
to  form  UO  and  UO^. 
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b.  TESTING  AND  CALI  BIGITION 


In  order  to  measure  the  radiative  lifetime  and  spectral  location  of 
steps  must  be  taken  to  Insure  the  safety  of  the  personnel  Involved  in  the  ex¬ 
periment.  Even  thoutth  the  total  concentration  of  uranium  vapor  is  very  low, 
depending  on  the  radiative  lifetime  and  operating  time,  a  large  amount  of 
uraitiuro  vapor  may  be  deposited  on  the  inside  walls  of  the  experimental  appara- 
tvis.  The  pyrophoric  nature  of  uranium  vapor  requires  some  specialized  handling 
techniques  for  the  disassembly  and  cleaning  of  the  apparatus.  Standard 
safety  procedures  have  been  devised  to  this  end. 

Since  there  is  some  uncertainty  as  to  what  would  be  the  total  amount 
of  uranium  vapor  made  before  the  experiment  becomes  operational,  it  is  desirable 
to  use  other  metal  oxide  species  to  characterize  and  calibrate  the  apparatus 
before  introducing  uranium  into  the  system.  iTie  testing  of  the  electron  beam 
and  flow  system  could  thus  be  performed  without  the  risk  of  heav>’  metal  con- 
tamin.it  ion. 

Hie  electron  beam  evaporation  system  luss  been  tested  using  the  I'lectron 
gun  to  evaporate  aluminum  as  well  as  carbon.  Wlille  aluminum  has  a  much  higher 
v.ipor  presstire  than  does  uranium,  its  much  higher  thermal  conductivity  makes  it 
a  fair  simulation  for  determining  the  ultimate  \iranium  yield  using  this  svstem. 
Electron  beam  evaporation  of  a  graphite  rod  has  the  opposite  thermal  dipendenco. 
Tlu'  carbon  vapor  pressure  is  very  low,  however,  the  thermal  conductivity  of  car¬ 
bon  is  also  very  low.  The  additional  problem  of  carbon  sputtering  was  also 
encountered.  lUackbody  temperatures  of  the  order  of  2500''K  measured  by  an 
optical  pyrometer  was  obtained  using  both  the  aluminum  and  carbon  sources. 

Tills  temperature  proved  to  be  a  lower  limit  to  the  evaporation  temperature,  as 
the  electron  beam  quickly  etched  a  channel  into  the  m.tlcrial  being  evaporated. 
Since  onlv  the  temperature  of  the  surface  within  the  fie Id-of-view  could  be 
measured  using  this  technique,  measurements  could  only  be  taken  before  much 
materia]  had  been  evaporated. 
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The  vapor  pressure  of  the  carbon  source  was  measured  by  measuring 
the  pressure  rise  through  the  flow  system  when  the  electron  beam  was  op^’rated. 
This  measurement  showed  that  a  1  torr  pressure  of  carbon  vapor  could  bo 
maintained  even  at  maximum  pumping  speed,  which  provided  a  flow  velocltv 
on  the  order  of  100  m/sec  through  the  2  x  10  cm  channel.  The  electron  beam 
energy  required  to  maintain  this  vapor  pressure  was  12  kV  at  35  ma.  Higher 
electron  beam  powers  were  available.  However,  the  vapor  pressures  abovi-  about 
10  torr  would  cause  the  differentially  pumped  electron  gun  chamber  to  rise 

_3 

to  unacceptable  pressure  (p  >  10  torr). 

The  flow  system,  consisting  of  an  inner  core  flow,  in  which  the  metal 
oxide  of  interest  is  contained  and  an  outer  shroud  flow  was  studied  in  .i 
Reynolds  number  matching  simulation  using  water  with  chemiluminescent  dye  for 
flow  visualization.  These  tests  provided  the  operating  parameters  for  the 
actual  gas  handling  system.  Actual  flow  visualization,  using  a  metal  oxide 
has  not  been  carried  out  in  the  apparatus. 


vapor. 


7.  CONCUSSIONS 


Vht'  t  Inal  status  ot  tho  expevimt'nl  to  moasuro  the  spoil  ral  oharactor  i  st  ii's 
ot  I'O^  Is  as  tv'llows:  The  apparatus  dosl>;novl  to  produoo  has  boon  oon- 

strvutod.  Dla.nnost  los  have  boon  dosl>;nod  and  construotod  to  indopondont  1  y 
monitor  tho  Uo"*^  production.  Di.ijtnost  ios  have  boon  const  ruot  od  to  monitor  tho 
ur.inium  atom  produotii'n.  Tho  optical  train  has  boon  constructod  and  aliitnod 
to  moasuro  the  .spectral  absorption  of  CO"*^  in  tho  11  to  l-i  tun  rojtlon.  A  diode 
laser  has  boon  c.illbi.ited  and  alijtned  to  moasuro  tho  I'O"*^  absorption  between 
7S0  and  8 JO  cm  *  ilJ.J  to  12. b  nm) . 

It  was  not  possible  to  carry  out  any  actual  oxporlmont.il  mo.isuromont  s . 
howovor,  boc.iuso  of  l.iok  of  resources  and  time.  I'liis  extra  roquiromont  for 
time  .ind  resources  w.is  brought  .ibout  by  tho  un.int  ic  ipatod  .iddit  tonal  ottort 
required  tor  tho  h.indling  of  ur.inium.  Kvon  though  a  very  depleted  ur.inium  is 
being  used,  tho  possibility  of  lio.ivy  metal  poisoning,  .is  well  .is  the  low  level 
.ilph.i  p.irticlo  omissii'n  bv  uranium,  required  revisions  in  tho  apparatus  which 
wore  designed  origin.illy  for  tho  study  of  s.iter  ions.  Special  h.indling 
procedures,  some  of  which  have  not  boon  completed  .is  yet,  .ire  being  devised 
for  this  experiment. 

The  .ipparent  toxli-ity  of  ur.inium  is  compouuvied  bv  its  pyrophoric  nature. 
Cnoxldtzed  ur.inium  on  the  w.alls  of  tho  apparatus  quickly  oxidises  .ind  loaves 
in  .111  oxide  vapor  when  the  app.ir.itus  Is  exposed  ti'  the  .itmosphoro.  I'he  dis- 
pos.il  of  uranium  .ind  ur.inium  oxides  after  p.issing  through  the  app.ir.itus  was 
.iddrossed  too  late  in  tho  program  to  .ilK'w  any  me.inlngtul  me.isurements  on  I'O^. 
Cold  traps  and  valves  h.ive  since  been  designed  to  .illow  dis.issembly  .ind  clean¬ 
ing  ot  .ippar.itus  of  uranium  and  disposal  ot  the  uranium.  Construction  ot  these 
portions  of  the  appar.itus,  however,  has  not  boon  completed. 

In  order  to  optlmiao  the  prob.ibility  ot  suceess  in  me.isuring  the  I’O^ 
spectral  .ibsorptlon  coetflcient,  it  is  deslr.ible  to  use  the  same  technique  on 
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other,  less  toxic,  metal  oxides  and  metal  oxide  Ions  first.  Other  metal  oxides 
which  radiate  in  the  10  to  1^  Urn  region  and  are  of  possible  interest  in  a  dis¬ 
turbed  atmosphere  are  AtO  and  KeO.  While  these  oxides  are  much  less  toxic  tlian 
I'O  ,  the  measurement  technique  to  determine  their  radiative  lifetimes  are 
essentially  the  same  as  that  for  UO^. 
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APPENDIX 

MEASUREMENTS  OF  THE  NITRIC  OXIDE  ION  VIBRATIONAL  ABSORPTION 
COEFFICIENT  AND  VIBRATIONAL  TRANSFER  TO 

J,  Chem.  Phys. ,  69,  2631-38  (1978) 


Measurements  of  the  nitric  oxide  ion  vibrational  absorption 
coefficient  and  vibrational  transfer  to  N2 

Frit2  Bien 

Aerodyne  Re\earch,  Inc .  Bedjord.  Mauachusetts  0J7J0 
(Received  2  September  1977) 

Thf  NO’lir)  gbtorpiixn  coedlcicni  *nd  qumchm{  of  NO*  vibration  in  the  v  «  1  uid  v  «  2  sute  by  N, 
b»ve  been  eiperimeniglly  determined  Integrated  ibtor{iion  coefficienu  corrected  for  a  thermal 
equilibrium  diunbuiion  are  i',.(l-2  F  5)-4J0  cm-’alm''  and  S,.(2-3  «2)-  653  cm  'atm 
Quenching  of  NO*(v)  by  N,  at  2971^  waa  found  to  give  rats  of  *»25xlO-'’  cm  'aec  '  for 
NO*(v  >  2)  and  li  >  3  0  X  10  ”  ctn’iec"'  for  NO*(»  -  1)  An  calimate  of  3  X  10  “  cm'aec"'  was  found 
for  quenching  of  NO'(»  «  2)  by  NO  at  297TC 


1.  INTRODUCTION 

Interest  In  NO'  vibrational  band  Intensities  stem  Irom 
its  relatively  lar|i;e  population  in  electron  disturbed 
atmospheres.  The  nitric  oxide  ion  Is  the  most  abundant 
ion  in  auroral  and  other  electron  excited  events.  The 
principal  source  ol  NO'  in  the  upper  atmosphere  Is  from 
ion  exchange  reactions  NJ+O-NO'  +  N  and  O'tNj-NO' 

+  N  and  the  charge  exchange  reactions  of  N^.  N',  O',  and 
Oj  with  natural  atmospheric  NO.  Since  all  of  these  re¬ 
actions  are  exothermic  enough  to  excite  several  vibra¬ 
tional  levels  In  NO',  NO'(i’)  may  provide  an  Important 
source  of  infrared  emission  in  the  electron  disturbed 
upper  atmosphere. 

Radiation  from  vibration  of  NO'lX'i:')  Is  in  the  4.  3 
um  band,  coincident  with  the  COjIv,)  emission.  While 
COjfvjl  emissions  dominate  in  the  undisturbed  atmo¬ 
sphere,  self- absorption  by  cold  CO,  limits  its  emission 
signal  to  the  wings  of  the  CO,  band.  Since  many  sensor 
systems  are  currently  being  designed  to  operate  in  these 
regions,  the  effects  of  NO'li')  radiation  on  these  sys¬ 
tems  may  b(  of  great  Importance.  Because  of  the  in¬ 
tense  COjfv,!  emission,  NO'(t’)  radiation  has  not  been 
detected  during  auroral  events  except  perhaps  to  explain 
very  prompt  emission  during  an  IBC  in  aurora.  '■*  The 
only  unambiguous  NO'  emission  In  the  upper  atmosphere 
was  observed  during  a  nuclear  test  in  1962.’ 

While  the  radiative  lifetime  of  NO'  has  never  been 
measured.  ;;tair  and  Gauvin*  have  inferred  an  Integrated 
absorption  coefficient  of  5,,  =  500  cm'* atm*'  from  the 
1962  nuclear  observations  past  the  CO,  blue  spike  region. 
This  value  was  obtained  through  various  assumptions  of 
vibrational  equilibrium  and  atmospheric  transmission. 
The  only  other  information  of  the  vibrational  lifetime  of 
NO'  has  been  from  ah  mitio  calculations  by  F.  Billings¬ 
ley*  and  H.  II.  Michels.'  Billingsley  obtained  a  ground 
sUte  Integrated  absorption  coefficient  ol  S,,=  88.9  cm'* 
atm'*  using  a  multiconfiguration  self-consistent  field 
(MCSCF)  approach.  Similarly,  Michels  arrived  at  a 
calculated  value  of  5|, 'IBS  cm'* atm'*. 

The  purpose  ol  this  study  Is  to  measure  the  radiative 

**Thra  work  wxe  sponsored  by  Air  Force  Geophysics  Labora¬ 
tory  (Air  Force  ^sterns  Command)  uuler  Contract  No. 
Fll*62lt-76-<'.Ol7» — (uodlag  was  by  the  Defense  Nuclear 
Agency. 


lifetime  of  NO'  vibrational  bands  in  the  A'S'  ground 
state  and  to  measure  the  transfer  of  vibration  between 
NO'  and  N,,  whose  vibrational  energies  are  in  close 
resonance. 

This  paper  describes  the  experimental  determination 
of  NO'  At’=l  integrated  absorption  coefficient  in  the  r 
=  0,  i> -  1,  and  f  =  2  levels  and  quenching  of  the  r  =  1,  v 
=  2,  and  i'=3  levels  by  N,.  The  experimental  arrange¬ 
ment  is  presented  in  Sec.  11.  Results  of  the  experimen¬ 
tal  determination  of  the  NO'  absorption  coefficient  are 
presented  in  Sec.  111.  In  Sec.  IV.  we  discuss  the  exper¬ 
imental  determination  of  the  quenching  of  NO'(r)  by  N,. 

A  discussion  ol  our  results  is  presented  in  Sec.  V. 

11.  EXPERIMENTAL  ARRANGEMENT 

The  experimental  arrangement  for  measuring  the  ab¬ 
sorption  ol  NO'  is  shown  in  Fig.  1.  Approximately  1 
torr  of  research  grade  nitric  oxide  was  put  into  the  test 
chamber.  The  nitric  oxide  was  photoionized  by  a  set  of 


FIG.  1.  SebrmaUr  diagram  of  the  experimental  arrangement. 
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User  Current  limps) 

FK'i.  2.  Tyi>U*\  Uspr  tuiunK  curvfii  from  th<-  diode  laser. 
Kelative  laser  liiteiislties  varietl  with  time  and  laser  current. 

SIX  ultraviolet  discharfte  lamps,  three  on  each  side  of 
the  chamber.  These  (lash  lumps  provided  an  active  re¬ 
gion  appro.xl.Ti ate ly  15  cm  long  In  which  NO'  was  formed. 
The  photoionired  NO'  was  studied  In  absorption  by  pass¬ 
ing  a  beam  of  infrared  laser  light  through  the  photolon- 
ization  region.  White  cell  optics*  were  placed  on  the 
two  ends  of  the  chiunber  to  allow  multiple  passes  of  the 
Infrared  laser  light  through  the  photolonlzed  region. 

Light  absorbed  by  NO'  formed  in  this  region,  together 
with  the  number  density  of  NO'  in  the  chamber,  gave 
the  absorption  coefficient  lor  the  particular  vibration- 
rotation  stale  of  Interest. 

A  tunable  diode  laser  (l.aser  Analytics)  was  used  (or 
the  infrared  source  to  measure  the  NO'fr)  absoryition. 
This  laser  was  brought  to  focus  on  the  entrance  aper¬ 
ture  of  the  While  cell  optical  arrangement.  Dp  to  104 
passes  through  the  NO'  region  were  obtainable  using  this 
arrangement.  However,  only  68  passes  were  usikI  dur¬ 
ing  experimental  runs,  maximizing  the  absorption  while 
minimizing  mirror  reflectivity  losses.  The  laser  beam, 
after  exiting  from  the  White  cell  mirrors,  was  brought 
to  locus  on  the  entrance  silt  of  a  1  ni  Czerny-Turner 
monochromator.  The  monochromator  was  used  to  Ixith 
select  the  frequency  moije  of  the  la.ser  and  to  filter  out 
the  infrared  components  of  the  uv  lamp  energy.  To  ac¬ 
complish  this,  the  slitwidth  of  the  monochromator  was 
set  to  give  a  spectral  half-width  of  1  cm"'  In  the  laser 
spectral  region.  The  light  exiting  from  the  monochro¬ 
mator  was  brought  to  focus  on  a  1  mmdiam.  InSbphoto- 
voltalc  detector  whose  signal  was  amplified  and  fed  into 
an  oscilloscope.  Because  of  the  spectral  coincidence 
between  NO'  and  CO,  bands,  the  entire  optical  train  was 
(lushed  with  dry  nitrogen.  The  si>ectral  locations  of 
specific  CO,  lines  were  also  used  (or  laser  frequency 
calibration. 

The  reference  transmission  level  through  the  optical 
train  was  obtained  by  chopping  the  optical  path  In  front 
of  the  monochromator.  This  choppetl  signal  gave  the 
system  transmission  In  the  absence  of  NO*.  The  chop¬ 
per  was  then  turned  off  In  the  open  position  during  the 
operation  of  the  photoionlzlng  lamps.  The  ratio  of  laser 
Intensity  transmitted  after  the  formation  of  NO'  to  that 


before  formation  of  NO'  thus  provided  the  speetial  ex¬ 
tinction  ra'e  which  was  both  a  function  of  the  laser  wave¬ 
length  and  time.  Since  the  half-width  of  the  laser  line 
f'lO'*  cni'M  was  much  narrower  than  the  Doppler  width 
of  the  absorbing  line  (-  5x10'’  cm*’),  the  Integrated  al> 
sorption  coeffirlent  of  the  NO'fr,  J)  transition  could  la- 
measured  by  tuning  the  laser  across  several  jxilnts  of 
the  absorption  line. 

A  typical  calibration  curve  (or  the  tunable  diode  laser 
Is  shown  In  Klg.  2.  Because  of  the  lemiieraiure  cycling 
of  the  diode  from  room  tempr-rature  to  10°K  as  the  User 
Dewar  was  filled,  the  actual  tuning  range  varied  from 
day  to  day.  However,  the  la.ser  usn.illy  tuned  over  at 
least  one  vibration  rotation  line  iier  temperature  cy¬ 
cling.  Note  that  the  tuning  slope  ol  Ih  ■  laser  varied  w  ilh 
current.  The  actual  tuning  slope  lor  the  particular 
wavelength  of  Interest  was  obtained  tor  each  run,  in  or¬ 
der  to  obtain  the  absorption  hall-width,  as  well  as  .„c.i- 
tlon  of  the  absorbing  NO'fr)  fine 

The  ultraviolet  lanip.s  used  In  this  apparatus  were  ol 
a  modified  l.yman  configuration  providing  a  2(ICK)C’‘K 
black-body  continuum  radiation  when  discharged.’-* 
Helium  gas  was  flowed  through  the  lamp.s  at  approxi¬ 
mately  3  torr  pressure.  All  six  lamps  were  discharged 
simultaneously  by  triggering  six  sp.trk  gaps  in  paraUel, 
each  connecting  one  flash  lamp  to  a  high  speed  capaci¬ 
tor  charged  to  10  kV  at  4  pF  The  time  synchronu .i- 
tlon  between  lamp  discharges  was  with'n  1  and  2  psec 
In  all  expi-rlmental  runs. 

The  output  frtmi  each  lamp  wa.s  monitored  by  an  Ion 
Iz.ition  detector  placi-d  In-hlnd  the  l  eglon  monitored  liy 
the  White  cell  optics  In  the  absorption  chamber.  Tin- 
purpose  of  these  Ion  detectors  was  to  ensure  that  sulfi- 
dent  Ion  pairs  were  produced  during  each  experimental 
run.  The  actual  Ion  density,  as  a  lundion  of  time,  was 
determined  separately.  Eaeh  Ionization  detector  con¬ 
sisted  of  u  pair  of  parallel  plale.s  across  which  was  put 
a  300  V  potential.  Electrons  produced  In  the  photolon- 
Ization  would  be  attracted  to  the  anixle  plate  causing 
current  to  flow.  The  cattuxle  and  amxfe  were  shielded 
from  uv  light  through  a  p.alr  of  guard  rings  placed  at 
ground  potential.  The  potential  difference  between  the 
anode  and  ground  was  measured  across  a  330  if  resis¬ 
tor,  The  change  In  yxitentlal  was  then  proportional  to 
the  current  through  the  amxie,  and  hence,  the  numln  r  i\I 
phofoeledron.s  prixluced.  Using  this  mea.surenu  nl 
scheme.  It  was  estatiUshed  that  more  tlian  lo”  tons 
pairs  per  cn>’  were  produced  per  flash  aliuig  the  lamp 
axis  within  the  absoryition  cell  wlien  the  cell  was  tilled 
to  1  torr  with  NO. 

In  order  to  olitaln  the  vibrational  transfer  cross  sec¬ 
tion  from  NO'li’)  to  N,,  provision  was  also  made  to  bleed 
a  partial  pressure  of  N,  into  the  absorption  chamber. 

The  pressure  In  the  cell  was  monitored  by  a  baratron 
pressure  gage,  reading  from  0  to  10  torr  with  a  least 
count  of  one  part  In  10*.  The  partial  pressure  of  N,  was 
raised  until  NO'lt )  transfer  to  N,  caused  a  more  rapid 
decrease  In  the  extinction  of  diode  laser  signal  In  the 
I'*!  and  higher  vibrational  stales  than  would  lx-  attribut¬ 
able  lo  dlsaoelatWr  recombiiatlon.  The  quenching  of 


T 


KKi.  3.  T)’ptc»l  u»t'llluHro)M'  tmrc  of  (hr  ■('  >'om|i»nrnt  o( 
traniiml(tr<(  laarr  light.  Horir.xntal  aoalr  rpprriM>nta  10  »*#pi 
dlWsInn,  vrrtlpal  30  mV/divlalon.  Thp  tral  rhambrr  waa 
(lllml  with  1  t»irr  I'f  NO  and  1  t»'rr  ii(  N..  Thr  laarr  line  waa 
(uard  tn  appiMxImatrly  (hr  jwak  o(  (hr  NO'r»2  U'  (••S.  H2 
abaorpltiw  Unr. 


la.sor  light  extinction  hy  N,.  as  a  function  of  N,  prea- 
sure,  thus  gave  a  transfer  rate  of  J)  to  N,. 

The  absorption  of  laser  light  by  NO"  formed  during 
photolonlratlon  typically  gave  a  signal  as  shown  In  Fig 
3.  This  trace  represents  the  ac  component  of  laser 
light  falling  on  the  detector.  Discharge  noise  caused  a 
large  positive  spike  which  triggered  the  oscilloscope. 

NO*  formed  by  phutolonization  absorbed  the  laser  emis¬ 
sion  giving  the  drcip  In  total  Intensity.  Dissociative  re¬ 
combination,  together  with  quenching  of  the  vibration  ro¬ 
tation  line  by  NO  and,  as  In  Fig.  3,  1  torr  of  N^  csusihI 
the  signal  level  to  return  to  Its  dc  level.  The  noise  at 
late  times  was  typical  of  the  detector  noise  within  the 
system  even  when  no  laser  signal  was  present. 

Ill  MEASUREMENT  OF  NO"  ABSORPTION 
COEFFICIENT 

The  absorption  coefficient  for  Ai'«l  vtbratlonal  tran¬ 
sition  in  the  NO't.V'r")  ground  electronic  level  was  ob¬ 
tained  by  measuring  the  time  varying  extinction  de¬ 
scribed  alwi\T  When  the  laser  wavelength  was  coinci¬ 
dent  with  the  NO'(t')  line,  some  extinction  of  laser  radia¬ 
tion  wixild  result  after  the  flash  lamps  were  fired  as 


seen  In  Fig,  3.  This  time  vai  vlng  extinction  was  a  mea 
sure  of  Ix'th  the  absorption  coefficient  and  the  number 
densities  of  (he  states  Involvwt  In  the  (ransitioit.  The 
|N>pula(lons  ol  the  (wo  slates  Involved  In  the  transition 
were  determined  from  the  dissociative  recombination 
rale  of  ND"  and  the  relative  |H>|silallons  ol  Nt)'  In  the 
various  vibrational  levels.  Rotational  equilibrium  was 
assumed  Ihri'ugluiul  the  expeilmenl.  Vibrational  equi¬ 
librium,  on  the  othei  hand,  was  assumiHi  slow  In  the 
time  scale  ixl  the  exiierlmeiil . 

The  relative  concentrations  ol  the  lower  ami  upiwr  vi 
bratlonal  stales  in  the  transition  were  determined 
through  fitting  the  measureil  window  transmission  with 
a  pietlicit'd  siieclrum  Irom  the  uv  lamps  and  prevu>usl\ 
measurmt  speclraldala  on  pholeiivuration.*  Since  MgFj 
wIikIows  were  usixt  In  Ironl  i>l  the  uv  lamps,  the  iMnd 
|>ass  thnxjgh  which  photoloniration  could  occui  was 
limited  from  1130  to  1337  A  Fortunately,  there  have 
been  many  studies  in  (he  threshold  region  ol  the  NO  pho 
toloniratlon.  ’ From  the  measured  vihoti<lonlration 
efficiency  In  this  region,  the  measurwl  wiiidow  trans¬ 
mission  In  this  region,  and  assuming  a  lamp  out|xit  ol 
30 000 "K  black-ls>dv  continuum,  the  relative  pholoion 
Iration  was  obtained  as  a  function  ol  w  avelength.  Tins 
is  ploIttHi  In  Fig.  4  Also  plotted  are  the  effects  ol  uv 
lamp  tem|ieralure  of  40000  aiwt  rOOtHl'K  black  Ihx1\  , 
The  vibrational  parlilioix  using  this  technique  and  the 
vibrational  |xirtlllons  measureit  as  a  funclioii  of  uv  wave 
length  by  Tanak.i  rt  ,tl. .  *  gave  0  211,  0  30.  0  22.  0  OH, 
and  0.02  for  the  relative  p»ipulallons  ol  the  i  0  through 
f  •  4  levels,  respeclively. 

The  8|X'ctral  al'sory'lion  cross  section  for  a  molecule 
Is  given  by  Deer's  law 
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TABLL'  I.  NO*<f)  rotation  Iln<>if  witliln  lanrr  band|>aaa. 


Vibrational 

tranattion 

CaU'ulalad 

location 

(cm*') 

Meaaurtw] 

Ukoatlun 

(cm*') 

Cn)Ba  aectlon 
at  p^ak 
(cm**) 

c-O  U>  1  P12 

2294. 1 

P13 

228S.7 

2288. 76 

5*  to*"!*  2*  1 

PM 

2283.  2 

P15 

2280.7 

If  •  1  Co  t' «  2  Pt) 

2281.6 

2291.63 

1.3»0.4><  lO'" 

PS 

2287, 4 

2287.43 

1.3»  0.3*  10*" 

P7 

2283.3 

2283.33 

.  2  tu  I’  -  3  P I 

2282.8 

R2 

2288.7 

2286.72 

2.  2  10.3  *10'" 

H3 

2280. 4 

N4 

2284. 4 

1*  ■  3  to  1'  •  4  fl  1 0 

2282.7 

pii 

22S6. 1 

2286. 30 

2i  1.5*10'" 

P12 

2289.5 

f  N  4  to  r  ■  3  A  30 

2281.9 

«21 

2284.  9 

R22 

2297. 8 

where  S  lb  the  number  of  molecules  In  the  absorbing 
level,  and  t  Is  the  total  path  length  In  the  absorbing  gas, 
equal  In  this  case  to  the  number  of  passes  In  the  White 
cell  times  the  length  of  the  photolonlied  region.  The 
quantities  /  and  arc  the  transmitted  light  Intensities 
with  and  without  absorption,  respectively. 

The  concentration  N  Is  a  function  of  the  photolonlza- 
tlon  cross  section,  the  recombination  rate,  and  the  rel¬ 
ative  number  of  molecules  In  the  particular  vibration- 
rotation  level.  Thus,  S  can  be  eitpressed  as 

\  ,  (2) 

where  tf'*  Is  the  rotation  partition  function  and  \,(f)  Is 
the  number  density  In  vibration  level  e.  In  this  experi¬ 
ment,  rotational  equilibrium  was  assumed,  as  the  ro¬ 
tational  relaxation  time  was  approximately  an  order  of 
magnitude  faster  than  the  shortest  experimental  time  of 
Interest.  Thus,  the  rotational  partition  (unction  Is 

<-»-(2JW)^exti[- ,  13^ 

where  J  Is  the  rotational  level  and  B  the  rotational  quan¬ 
tum  number.  The  rate  of  change  of  the  number  density 
of  NO*  In  vibrational  level  e  Is  given  by 

(i) 

where  a.  Is  the  recombination  rate  of  NO*  In  vibration¬ 
al  level  V,  S,  the  concenfratlon  ol  NO*(»  ),  the  elec¬ 
tron  concentration,  and  t  Is  the  attachment  coctficlent 
of  N,  to  At.  The  Initial  condition  to  Eq.  (4)  la 

(5) 

where  ifi.  Is  the  relative  production  rate  of  NO'  In  vibra¬ 
tional  level  I'  and  Aig  the  total  number  density  ol  NO* 
produced  By  operating  at  low  enough  NO  ju-essures  so 
that  the  second  term  on  the  right  hand  side  of  Eq  (4) 


may  be  neglected,  atvl  assuming  o.  Is  relatively  Inde¬ 
pendent  ol  V,  the  concentration  of  NO*  In  the  vibrational 
level  L',  and  rotational  level  J,  Is 


S 


_^ll_- 
1  ^  f<'aO,l 


16) 


The  total  absorption  by  NO*(r,  J),  from  Eq  (1).  must  be 
time  dependent,  such  that  ln(/^'fjmust  vary  as  1  'S. 
During  the  experiment,  the  ratio  Wo-D.  /o  was  at  all 
times  less  than  10"*.  Thus,  InH,'/)  may  Ih‘  substltu'i-d 
by  the  expansion  giving 


Note  that  the  choice  of  f*0  In  Eq.  (6)  can  be  rather 
arbitrary,  provided  that  there  Is  no  production  term  in 
Eq.  (4).  Since  both  A//7g  and  1  N  must  have  the  same 
time  dependence,  the  concentration  S  at  any  time  fg  may 
be  calculated  by  the  relation 

Here,  It  may  be  seen  that  .V(/g)  is  not  a  function  of  the 
total  extinction  but  only  of  the  rate  of  change  of  extinc¬ 
tion  with  time.  The  number  density  ran  thus  In-  related 
to  the  change  In  ac  Intensity  with  time.  It  is  assumed 
here  that  no  other  quenching  of  NO'li  l  Is  occurring 
simultaneously. 

The  tuning  range  of  laser  overlapped  several  vibra¬ 
tional  rotation  lines  In  NO*.  These  line-,  arc  listed  In 
Table  I.  While  there  were  laser  lines  which  overlappixi 
all  of  the  NO*(e)  lines  listed,  measurements  ol  the  inte¬ 
grated  absorption  coefficient  were  made  only  of  the  P5 
line  of  the  e  •  1  to  e  •  2  transition  and  the  R2  line  ol  the 
t'*2  to  e>3  transition.  In  addition,  spectral  absorption 
coefficients  were  obtained  (or  the  Kll  line  of  the  to 
j'*4  transition  and  the  7*13  line  of  the  l•«0to  n'l  tran¬ 
sition.  Unfortunately,  due  to  the  low  slgnal-to-nolse 
ratio  of  these  latter  two  measurements,  sufficient  data 
was  not  available  to  obtain  a  meaningful  integrated  ab¬ 
sorption  coefficient  from  these  two  transitions.  Simi¬ 
larly,  the  P6  line  ol  the  r  =  1  to  t"  2  transition  was  mea¬ 
sured  using  a  rather  weak  laser  line,  which  was  near 
the  mode  shifting  threshold  of  the  laser  Because  of  the 
uncertainty  Introduced  by  the  laser  shift,  the  integrated 
absorption  coefficient  was  not  obtainable  using  this  tran¬ 
sition. 

The  locations  of  the  lines  of  Interest  were  found  by 
measuring  the  locations  of  known  CO,  lines'*  and  Inter¬ 
polating  across  the  tuning  range  to  obtain  the  precise  lo¬ 
cation  of  the  NO*.  In  this  way,  the  Pi  line  of  NO*  (r  »  1 
to  i>  •  2)  was  found  to  be  at  2201. 63  cm*',  while  R2  line 
of  the  t'*2  to  t'*3  transition  was  found  to  lie  at  2286.72 
cm*’.  These  measured  values  were  within  0. 1  cm*'  of 
measurements  by  Miescher,  "who  deduced  the  vibration¬ 
al  structure  from  electronic  transitions  of  NO*. 


The  concentration  of  NO*  was  calculated  using  a  least 
squares  fit  at  the  data  to  Eq.  (8)  assuming  a,  •  4.  3 
xlO*’  cm’sec*'  ITg/SOO'"*'". '*  The  relative  population 
of  the  lower  state  Involved  in  the  absorption  transition 
was  then  given  by  Eq  (6).  Using  this  technique,  the 
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FIG.  5.  S|K'cti  al  absorption  croBR  section  o(  the  Pa  Unc  of  r 
»  1  to  f  »  2  level  banc)  of  NO'.  Line  center  at  2291,63  t  0.  01 
cm"',  tuning  rump  of  7  cm'VA. 


Laser  Tuning  Current  lamps! 

FIG.  6.  Si>ectral  absorption  cross  section  of  the  KZ  line'  in  tlic 
e  ■  2  to  e«3  band.  Tuning  ramp  equals  7  cin'*/A.  Line  loca¬ 
tion  at  22S(i.  72  «  0.  01  cm"'. 


spectral  absorption  coefficient  was  obtained  as  a  func¬ 
tion  of  laser  current  from  Eq.  (1).  The  spectral  ab¬ 
sorption  crob.s  section  for  P5  line  of  the  r*  1  to  f«2  and 
the  RZ  line  of  the  1=2  to  i'*3  tr.insitions  are  shown  in 
Figs.  5  and  6.  respectively.  The  laser  current,  plotted 
on  the  abscissa  of  these  two  figures,  was  fit  to  the  tun¬ 
ing  slope  show  n  in  Fig.  2  to  obtain  the  llnewldth.  The 
tuning  ramp  was  7  cm"'  per  A.  giving  an  absorption 
half-width  of  0.0056  cm"',  approximately  the  Doppler 
width  for  NO'  at  300  "K.  A  Doppler  profile  was  thus  fit 
through  the  experimental  data  to  compute  the  integrated 
absorption  coefficient.  The  absorption  cross  section 
was  obtained  by  assuming  that  the  relative  population  in 
the  !■  =  !,  1=2.  and  I' =  3  levels  were  0.  39,  0.22,  and 
0.08,  respectively.  The  corresponding  Integrated  ab¬ 
sorption  coefficients  become  Sn  *236*20  cm"*  atm"'  lor 
the  F5(l-2)  line  and  S2j*325*20  cm"*atm"'  lor  the 
H2(2-3)  line.  Note  that  these  absorption  coefficients 
are  taken  with  highly  nonequlllbrated  vibrational  tem¬ 
peratures.  If  we  convert  these  absorption  coefficients 
to  their  respective  rates  at  thermodynamic  equilibrium, 
their  absorption  coefficients  become  S,|*430*S0  and 
Sij*  653  *80  cm"* atm"',  respectively.  The  larger  error 
In  the  equilibrium  calculation  stems  from  the  uncertain¬ 
ty  In  the  relative  populations  of  the  t’*l,  t'*2,  and  t>*3 
levels  of  the  photoionlzed  NO. 

Note  that  the  ratio  Sit/Sn  Is  approximated  3/2.  From 


these  relative  values,  it  may  be  assumetl  that  NO'  is  .i 
harmonic  oscillator  with  a  linear  dipole  moment  deriv¬ 
ative,  In  which  case  5^,  may  be  extrapolated  to  give  a 
value  of  ?  21 5  cm"*  atm"'. 

These  integrated  absorption  coefficients  mav  be  con¬ 
verted  Into  vibrational  i  numlw'rs  and  Einstein  A  coeffi¬ 
cients.  The  respective  values  lor  Einstein  A  c.wtlicients 
of  the  1*1  and  r  2  levels,  together  with  the  extrapo¬ 
lated  i'*0  level,  are  listed  in  Table  11.  Also  listed  here 
are  the  corresponding  values  obtaint'd  by  F.  Itillingsley 
from  MCSCF  calculations  and  obtained  bv  11.  It  Michels 
using  Cl  calculations 

IV.  MEASUREMENT  OF  THE  NO'  VIBRATIONAL 
EXCHANGE  WITH  N, 

The  transfer  rate  of  vibration  from  the  i  1  and  i  2 
levels  of  NO"  to  N,  was  measured  by  observing  absorp¬ 
tion  In  the  P5  and  HZ  absorption  lines  of  these  two  vibra¬ 
tional  levels,  respectively  Hy  using  the  absorption  ol 
Infrared  light  as  a  -nonitor,  the  relative  populations  of 
the  I'  0.  I  1,  I  2,  .iod  1  3  levels  were  monitored  as 

a  function  of  N,  pressure.  Since  the  extinction  of  laser 
light  Is  directly  projxirtiona  to  the  ivipulation  of  the  ab¬ 
sorbing  level,  the  time  varyiiy,’  signal  Is  a  measure  of 
vibrational  transfer  from  NO'.  The  disapyw .trance  of 
NO'(i  )  IS  frimi  the  followir^  processes 


NO'(i)*e-N*0  IRl),  o*  4.3xitr''(T.'300)-*''  cm'scc"'  (Kef.  141  , 

NO'(t).NO*NO-NO'- NO*NO  IR2)  ,  *,  *  5x  10"*»  cm*  sec"'  (Ref.  15) 

NO'(t)*N,*N,-NO'- N»*N,  (R3)  ,  *, » 2 x lO"*  cm*sec"'  (Ref.  15). 

NO'(i).NO-NO*NO'(r-l)  (R4) .  *,*  this  work. 

NO  (e) ♦  N| -•  NO'(t' -  1 ) ♦  nJ  (RS)  ,  'this  work  . 
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TABLE  n.  Comiurlaon  of  Ihr  mc^surnd  NO’  line  •trvntclh  wlUi  calruUtod  valuca. 


Si,  (cm'^attn*') 


This  wurk 

St'F* 

v2-3 

653 

176 

v.1-2 

43U 

176 

vO-1 

215 

H6.S 

(tor’’) 


This  wurk 

8CK‘ 

8cr‘ 

95.8 

26.2 

73 

83.4 

26.2 

51 

31.5 

13.6 

26 

The  experimental  technique  for  measuring  the  rate  A, 
was  to  Introduce  N,  Into  the  absorption  cell  described 
In  Sec.  11  at  Increasing  pressures  until  the  recombina¬ 
tion  rate  a  no  longer  dominates  the  disappearance  of 
NO'tf).  Since  the  absorption  cross  section  of  NO’  Is 
constant  with  time,  the  amount  of  absorption  Is  propor¬ 
tional  to  the  number  density  of  NO'  In  the  lower  and  up¬ 
per  states.  The  decrease  in  NO’(t')  concentration  with 
time  is  given  by  the  sum  of  Reactions  IRl)  through  IBS) 
minus  the  increase  In  NO’tr)  concentration  due  to  Reac¬ 
tions  IR4)  and  (R5)  on  the  (r  +  l)  vibrational  level.  Re¬ 
action  (R3)  becomes  Important  when  N,  within  the  test 
chamber  exceeds  30  torr  In  this  experiment.  Note  that 
In  order  to  measure  Reactions  IR4)  and  (R5)  for  r  1, 
these  reactions  must  be  measured  for  t'»2,  etc.  How¬ 
ever,  since  the  initial  concentration  of  NO’  In  t'«4  and 
above  is  negligible  compared  to  f=l  and  t'*2,  the 
quenching  rate  of  i'»2  and  [  =1  are  not  greatly  effected 
by  their  quenching  rates.  Since  the  NO  pressure  was 
held  constant  at  1  torr,  the  effect  of  the  association  re¬ 
action  (R2)  was  to  increase  the  apparent  rate  of  Reac¬ 
tion  (R4)  by  the  rate  1. 6x  10'”  cm*sec'‘. 

The  quenching  of  NO’U  »3)  was  measured  by  observing 
the  decay  of  intensity  of  the  Kl  1  line  of  the  r  *  3  to  r  «  4 
transition.  The  transient  absorption  signal  by  this  line, 
proportional  to  the  concentration  of  NO’li'*  3),  can  be 
represented  as 


J 


This  work 

SCK* 

2.  7v  10-* 

2.  1  X  10-* 

1.  8*  10-* 

1.4X  lO"* 

10-* 

7x  10"* 

(NO’lr*  3))(f)« 

t.-t, 

>  1  •*  Oftioi  / 

(9) 


where  n#  Is  the  Initial  concentration  of  NO’,  i>,  and  <f>, 
the  Initial  fractions  of  [ Nt^’]  in  the  e  »  3  and  e  ■  4  levels 
corresponding  to  0.  08  and  0.  02,  respectively,  and  7, 
and  T,  are  the  quenching  time  constants  lor  the  3  ami 
t’*4  levels,  respectively,  given  by 

lA,'*«,[NO]*fr,jN,l  .  (10) 

Since  T,  was  not  measured,  only  a  rough  estimate  of  t, 
can  be  obtained  using  the  measured  (NO’lr  »  3)|(/1.  This 
was  done  by  assuming  a  variety  of  values  for  t,.  The 
fractions  of  NO’  produced  in  the  i  3  and  t'»4  levels 
were  assumed  to  be  0.  08  and  0.  02,  respectively.  Thus 
the  quenching  rate  of  the  1*4  vibration  could  introduce 
an  error  of  only  25%  to  the  e  »  3  quenching 

Since  no  quenching  rate  was  measured  for  the  r-  4  vi¬ 
brational  level,  only  a  rough  rate  of 

*i(t  *  3)*  2  ±  1  xio"'*  cm’ sec"'  (I  i ) 

was  obtained. 

The  time  varying  concentration  of  NO’{i'»  2)  is  a  func¬ 
tion  of  this  rate  as  well  as  the  rate  for  quenching 
NO’(t'*2).  This  quenching  rate  Is  related  to  the  time 
varying  NO’lr  *2)  concentration  b>' 


(NO’lr •2))(f). 


-  <t>,  - 


lT,-T,)(T,. 


'in  *  »r,T,le-*^"«-e-* '’«) 

It,-t,)(t,-t,)‘  ■ 


1 

J  1  *0 


OTWo' 


112) 


Note  that  the  maximum  effect  of  NO’lr  *4)  on  the  concen¬ 
tration  of  NO’lr  *2)  is  less  than  d>«  '4>c  Since  this  is 
less  than  a  10%  effect.  It  may  be  neglected  In  the  calcu¬ 
lation  of  T,.  The  pressure  of  N,  was  varied  while  mea¬ 
suring  the  absorption  of  r»2  B2  line.  The  calculated 
time  constant  t,  from  the  time  history  of  (NO’lr  *  2))(f) 

Is  plotted  in  Fig.  7  as  a  function  of  N,  pressure. 

The  rate  constants  lor  and  kf  are  obtained  by  fitting 
the  time  t,  from  Eq.  (10)  with  respective  concentrations 
of  N,  and  NO. 

The  partial  pressure  of  NO  within  the  test  cell  was  1 
torr  at  all  times  to  provide  the  photoionized  NO’.  By 
extrapolating  to  zero  N|  pressure,  a  quenchli^  rate  for 
NO  was  also  Inferred  (see  Fig.  7). 

Using  this  technique,  the  vibrational  quenching  rate  of 
NO'lr  •  2)  by  N,  was  found  to  be 


- - 

*2.5i0.  5x10"”  cm’sec'*  . 

The  quenching  of  NO’lr  *2)  by  NO  was  obtained  by  ex¬ 
trapolating  the  total  quenching  time  plotted  in  Fig.  7  to 
zero  N,  pressure.  Thus, 

*4(r.2)2.  5*2x10-“  cm’sec-*  . 

Using  these  rates  obtained  for  t'*2  together  with  mea¬ 
surements  of  the  time  rate  of  change  to  signal  from  the 
P5  line  of  the  r  *  1  to  t’*  2  transition,  the  quenching  by 
N,  and  NO  were  obtained  In  a  similar  manner:  Eq.  112) 
extended  to  o*  1,  The  NO’lr*  1)  quenching  rate  by  N, 
becomes 

h|(r  •  1 ) «  3  *0.  5x10"*’  cm’ sec-' 
and  by  NO  Is 

*,lr-l)sl.6xl0-'»’*  ’  cm’sec-*  . 


FIG.  7.  Quenching  ol  v  -  2  NO*  vibration  by  N2  and  NO.  The 
pressure  of  NO  was  held  to  1.00  torr  at  all  times, 

A  measurement  ol  vibrational  transfer  to  t>'0  of  NO' 
was  attempted  by  monitoring  the  PI  3  line  olt>«0tot)  =  l. 
The  initial  vibrational  population  was  Inverted,  l.e., 
there  was  more  NO'(t’  =  1 )  than  [v  =  0).  Thus,  negative 
absorption  was  monitored  during  the  lamp  pulse,  which 
decayed  to  zero  very  quickly.  This  Indicated  either  a 
more  rapid  recombination  rate  In  the  (;>1  level  than  In 
p  *  0,  or  quenching  of  (  =1  by  NO  In  the  system.  Upon 
Introduction  of  N|,  it  was  hoped  that  absorption  would  be 
seen  at  late  times,  when  NO*(p  =  l)  had  been  quenched  to 
below  the  NO'U'  =  0)  concentration,  but  before  dissocia¬ 
tive  recombination  could  take  place.  This  effect  was 
seen,  but  no  quantitative  Iriormation  was  available  with¬ 
in  the  signal-to-nolse  ratio  ol  the  system. 

V.  DISCUSSION 

The  radiative  lifetime  of  NO*  has  been  calculated  from 
measurements  of  absorption  in  the  1  and  v‘2  levels. 
Since  these  rates  are  a  function  of  the  relative  concen¬ 
trations  of  NC>‘  in  the  lower  and  upper  states  of  the  ab¬ 
sorption,  some  uncertainty  is  Introduced  when  relating 
the  measured  values  to  an  absorption  coefficient  at 
thermal  equilibrium.  From  these  measurements,  vi¬ 
brational  thermal  equilibrium  would  occur  only  If  the 
majority  ol  NO*  vibrational  excitation  was  quenched  by 
Ng  before  recombination  could  take  place. 

The  ratio  of  absorption  coefficient  between  v  «  2  to  v 
« 2  and  t> •  1  to  v*2  transitions  appear  to  follow  the  rules 
of  a  simple  diatomic  molecule  with  a  linear  dipole  mo¬ 
ment  derivative  around  the  equilibrium  Intermolecular 
separation,  1,  e. ,  (e*  1)^,  where  v  la  the  vibra¬ 

tional  level  of  the  tower  state.  Using  this  scalii^,  the 
integrated  absorption  coefficient  at  the  e-O  vtbrstlonal 


level  would  be  215  cm** atm"*  as  listed  in  Table  11.  This 
value  Is  not  too  different  from  the  value  which  Billings¬ 
ley*  would  obtain  using  a  slightly  different  dipole  mo¬ 
ment  derivative  In  place  of  his  multiconfiguration  SCF 
calculated  result.  Using  his  single  configuration  Har- 
tree-Fock  calculations,  Billingsley  obtains  an  inte¬ 
grated  absorption  coefficient  of  251  cm"* atm"'  compared 
to  his  published  88.  9  cm"*  sec"*.  This  value  would  be 
within  20^  of  our  measured  value.  Similarly,  our  num¬ 
ber  differs  from  Michels’  calculated  number  by  25^, 
well  within  the  error  bars  of  either  our  measurement, 
or  his  calculations. 

Our  value  for  the  integrated  absorption  coefficient  of 
NO*  In  the  t’  =  2  to  (1  =  3  transition  is  not  in  disagreement 
with  the  Stair  and  Gauvln’  observations,  as  their  assump¬ 
tions  of  thermodynamic  equilibrium  between  NO*  and 
CO  In  order  to  arrive  at  their  Integrated  intensities  al¬ 
low  for  errors  as  large  as  a  factor  of  3.  Since  the  NO* 
produced  In  the  upper  atmosphere  Is  by  no  means  In 
thermal  equilibrium,  and  with  the  rapid  dissociative  re¬ 
combination  of  NO*,  thermal  equilibrium  between  NO* 
and  CO  would  indeed  be  fortuitous. 

Other  sources  of  error  In  the  measurement  of  the  NO* 

/  number  are  In  the  uncertainty  within  the  extent  of  the 
photolonUatlon  region,  which  could  Introduce  a  ±  5^  er¬ 
ror,  and  in  the  slight  detuning  ol  the  diode  laser  during 
lamp  discharge,  which  would  change  the  NO*  line  loca¬ 
tion  by  1 0.005  cm"'.  These  sources  ol  error  are  much 
less  Important,  however,  than  the  uncertainty  in  the 
number  density  of  NO*  (r,  J).  Finally,  the  NO  >,  6,  and 
<  bands  excited  b)  the  uv  flash  lamps  may  all  have  vi¬ 
bration  rotation  lines  within  the  NO*  vibrational  frequency 
range.  These  electronic  bands  have  radiative  lifetimes 
on  the  order  of  0.4  psec,  hou’ever,  so  their  absorption 
of  infrared  radiation  quickly  disappears  after  the  flash 
lamp  turns  off.  The  absorption  of  laser  light  by  these 
bands  during  the  lamp  flash  gave  what  at  first  appeared 
to  be  a  very  long  spectral  tail  in  the  NO*  absorption, 
which  could  have  been  prevented  by  using  a  long  wave¬ 
length  cut  off  filter  in  front  of  each  flash  lamp.  As  it 
turned  out,  because  ol  the  very  short  lifetime  of  these 
states,  their  effect  was  to  provide  a  better  base  level 
from  which  to  determine  lamp  shut  off. 

The  measurement  of  NO'lc)  transfer  to  N,  was  some¬ 
what  more  accurate  than  that  of  the  NO*  vibrational  life¬ 
time,  since  the  absolute  number  density  of  NO*(r)  was 
not  necessary  for  this  determination.  While  the  inte¬ 
grated  absorption  ol  excited  NO*(r)  scaled  approximate¬ 
ly  as  (t'  +  l),  no  such  simple  scaling  was  available  on 
NO*(t’)  transfer  to  N,.  This  transfer  rate  was  seen  to 
decrease  slightly  lor  higher  vibrational  levels  ol  NO*, 
rather  than  Increasing.  If  this  trend  holds  lor  vibration¬ 
al  levels  higher  than  3,  it  would  be  expected  that  NO* 
formed  In  the  high  vibrational  levels  would  contribute 
most  at  the  radiation  In  the  upper  atmosphere.  Since 
only  transfer  from  d  =  1  and  *  2  levels  were  measured 
In  detail,  however,  this  Is  a  premature  conclusion. 

While  no  previous  measurements  have  been  made  on 
NO*(i))  quenching  by  N»,  various  estimates  have  been 
made  based  on  the  observations  of  auroral  activity.*’ 


friwi  the  lark  ol  detection  ot  NO'(t''  In  the  upper  atnjo- 
aphere,  quenchinjt  rate  .  atlmatea  ot  as  high  ••  10"* 
rm’*Bec''  have  been  proposed.  Due  to  the  extremely 
good  overlap  of  MO'  with  CX)„  however,  the  lack  of  any 
detectable  NO'  may  be  due  to  the  fact  that  the  signal  Is 
burlW  within  the  very  large  CO,  signature.  It  Is  Inter- 
estlpR  to  note  that  quenching  of  NO'  by  N,  Is  on  the  order 
of  10  times  more  efficient  than  the  transfer  of  CO,(v,) 
to  N,.  This  could  easily  be  accounted  for  by  the  Ionic 
nature  of  NO'  as  well  as  Its  dipole  moment.  This  higher 
quenching  rale,  together  with  the  factor  of  10*  lower 
NO  concentration  than  CO,  concentration,  even  during 
an  IDC  class  II  aurora,  '*  would  mean  NO'  emission  Is 
10*  weaker  than  CO,(i',)  In  an  auroral  event. 

In  conclusion,  tK>lh  the  NO'(t)  radiative  lifetime  and 
the  transfer  of  vibration  to  N,  have  been  measured  In 
this  ex(>ertment.  While  Ix^th  these  measurements  were 
the  first  to  be  performed  on  the  NO'  Ion,  they  agree 
at  least  qualitatively  to  values  inferred  from  upper  at¬ 
mospheric  studies.  In  order  to  obtain  a  better  picture 
of  the  W  emission  during  electron  disturbances  In  the 
upper  atmosphere,  both  the  degree  of  vibrational  exci¬ 
tation  during  NO'  formation  and  the  transfer  of  vibration 
to  O  and  O,  must  also  be  measured. 
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Chief  of  Naval  Research 
Department  of  the  Navy 
800  North  Quincy  Street 
Arlington.  VA  22217 


1  cy  ATTN:  Code  465,  R.  G.  Joiner 
1  cy  ATTN:  Code  427,  H.  Mullaney 

Commander 

Naval  Electronic  Systems  Command 
Department  of  the  Navy 
Washington,  D.  C.  20360 


1  cy  ATTN; 
1  cy  ATTN: 
1  cy  ATTN: 
1  cv  ATTN: 
1  cy  ATTN: 


PME-117 

PME-117T 

PME-117-21 

PME-117-21A 

PME-117-22 


Director 

Naval  Ocean  Systems  Center 
Electromagnetic  Propagation  Division 
271  Catalina  Boulevard 
San  Diego,  CA  92152 

1  cy  ATTN:  Code  2200,  W.  F.  Moler 
1  cy  ATTN;  Code  2200,  Ilan  Rothmuller 
1  cy  ATTN:  Code  2200,  John  Bickel 


Director 

Naval  Research  Laboratory 
4555  Overlook  Avenue,  S.  W. 
Washington,  D.  C.  20375 


1  cv  ATTN:  Code  7700,  Timothv  P.  Coffev 

1  cy  ATTN:  Code  7709,  Wahab  Ali 

2  cysATTN:  Code  7750,  John  Davis 
1  cy  ATTN:  Code  2627 


Commander 

Naval  Surface  Weapons  Center  (White  Oak) 
Silver  Spring,  MD  20910 


1  cy  ATTN;  Technical  Library 

Office  of  Naval  Research  Branch  Office 
1030  East  Green  Street 
Pasadena,  CA  91106 


1  cy 
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Department  of  the  Air  Force 


Commander 

Air  Force  Geophysical  Laboratory,  AFSC 
L.  G.  Hanscom  Air  Force  Base,  MA  01731 

1  cy  ATTN:  OPR,  James  Ulwick 
1  cy  ATTN:  LKB,  W.  Swider 
1  cy  ATTN:  LKB,  K.  Champion 

Director 

Air  Force  Technical  Applications  Center 
Patrick  Air  Force  Base,  FL  32920 

1  cy  ATTN:  TD 

1  cy  ATTN:  HQ  1035th  TCHOG/TFS 
Department  of  Defense  Contractors 


General  Electric  Company 

TEMPO  -  Center  for  Adv'anced  Studies 

816  State  Street 

Santa  Barbara,  CA  93102 

1  cy  ATTN:  Warren  S.  Knapp 
1  cy  ATTN:  DASIAC 

Lockheed  Nlissiles  and  Space  Company 
3251  Hanover  Street 
Palo  Alto,  CA  94304 

1  cy  ATTN;  J.  B.  Reagan 
1  cy  ATTN:  W.  Imhof 
1  cy  ATTN:  Martin  Walt 

Mission  Research  Corporation 

735  State  Street 

Santa  Barbara,  CA  93101 

1  cy  ATTN:  M.  Scheibe 
1  cy  ATTN:  D.  Sowle 

Pacific -Sierra  Research  Corporation 
1456  Cloverfield  Boulevard 
Santa  Monica,  CA  90404 

1  cy  ATTN;  E.  C.  Field 

Pennsylvania  State  University 
Ionospheric  Research  Laboratory 
College  of  Engineering 
318  Electrical  Engineering  -  East  Wing 
University  Park,  PA  16802 

1  cy  ATTN:  John  S.  Nisbet 
1  cy  ATTN;  Les  Hale 
1  cy  ATTN:  A.  J.  Ferraro 
1  cy  ATTN:  H.  S.  Lee 
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R&D  Associates 
4640  Admiralty  Way 
Marina  Del  Rev,  CA  90291 

1  cy  ATTN:  R.  Lelevier 
1  cy  ATTN:  F.  Gilmore 
1  cy  ATTN:  R.  Turco 

The  Rand  Corporation 
1700  Main  Street 
Santa  Monica,  CA  90406 

1  cy  ATTN:  Cullen  Crain 

Professor  Chalmers  F.  Sechrist 
155  Electrical  Engineering  Building 
University  of  Illinois 
Urbana,  IL  61801 

1  cy  ATTN:  C.  Sechrist 

Stanford  Research  Institute 
333  Ravenswood  Avenue 
Menlo  Park,  CA  94025 

1  cy  ATTN:  Allen  M.  Peterson 
1  cy  ATTN:  Ray  L.  Leadabrand 

University  of  Pittsburgh 
Dept,  of  Physics  &  Astronomy 
Pittsburgh,  PA.  15260 

1  cy  ATTN:  M.A.Biondi 
1  cy  ATTN :  F . Kaufman 
1  cy  ATTN:  W.Fite 

GenereQ  Electric  CO.  ,  Space  Division,  VFSC 
Goddard  Blvd.,  King  of  Prussia 
P.O.Box  8555 
Philadelphia,  PA  19101 

1  cy  ATTN:  M.H.Bortner 
1  cy  ATTN;  T.Baurer 

National  Oceanic  &  Atmospheric  Admin. 
Elivironmental  Research  Laboratories 
Dept,  of  Oommerce 
Boulder,  CO  80302 

1  cy  ATTN:  E.E. Ferguson 
1  cy  ATTN:  F.Fehsenfeld 


